Monolayer phosphorene provides a unique two-dimensional (2D) platform to investigate the fundamental many-body interactions. However, owing to its high instability, unambiguous identification of monolayer phosphorene has been elusive. Consequently, many important fundamental properties, such as exciton dynamics, remain underexplored. We report a rapid, noninvasive, and highly accurate approach based on optical interferometry to determine the layer number of phosphorene, and confirm the results with reliable photoluminescence measurements. Based on the measured optical gap and the calculated electronic energy gap, we determined the exciton binding energy to be ~0.4 eV for the monolayer phosphorene on SiO2/Si substrate, which agrees well with theoretical predictions. Our results open new avenues for exploring fundamental phenomena and novel optoelectronic applications using monolayer phosphorene.
potential contaminants that might affect further characterizations on the same sample. Unlike in TMD semiconductors, where Raman mode frequency has a monotonic dependence on the layer number, phosphorene has a non-monotonic dependence owing to the complicated Davydov-related effects 18 . Moreover, the relatively high-power laser used in Raman spectroscopy can significantly damage the phosphorene samples.
To overcome the aforementioned challenges, we propose and implement a rapid, noninvasive, and highly accurate approach to determine the layer number by using optical interferometry ( Figure 1 ). Specifically, we measure the optical path length (OPL) of the light reflected from the phosphorene that was mechanically exfoliated onto a SiO2/Si substrate (275 nm thermal oxide). The OPL is determined from the relation:
, where λ is the wavelength of the light source and is equal to 535 nm, and and Even though the thickness of monolayer phosphorene is less than 1 nm, its OPL is significantly larger than 20 nm owing to the multiple interfacial light reflections (Supplementary Information) . That is, the virtual thickness of a phosphorene flake is amplified by more than 20 times in the optical interferometry, making the flakes easily identifiable. In the experiment, phase-shifting interferometry (PSI) is used to measure the OPL by analyzing the digitized interference pattern. In contrast to the highly focused and relatively high-power laser used in Raman system, PSI uses almost non-focused and very low-density light from a light-emitting diode (LED) source to achieve fast imaging (Supplementary Information), which inflicts no damage to the phosphorene samples. The step change of the OPL is ~20 nm for each additional phosphorene layer, as indicated by the red dots in Figure 1d . Considering that the accuracy of the instrument is ~0.1 nm, a step change of 20 nm yields extremely robust identification of the layer number. Statistical OPL values for phosphorene from mono-to six-layer (1L to 6L) were collected and at least five different samples were measured with the PSI system for each layer number. The measured OPL values agree very well with our theoretical calculations ( Figure   1d ). Recently, we also successfully used PSI to quickly and precisely identify the layer numbers of TMD atomically thin semiconductors 20 ( Figure S2 ).
Subsequent to PSI measurement, the sample was placed into a Linkam THMS 600 chamber, at a temperature of −10 ℃ with a slow flow of nitrogen gas to prevent degradation of the sample 8 .
The low temperature (−10 ℃) is a very crucial factor because it can freeze the moisture in the chamber and significantly delay the sample degradation. Under −10 ℃ and nitrogen protection, monolayer phosphorene samples can survive for several hours in the chamber. However, even in a temperature of −10 ℃ with nitrogen gas protection, the monolayer phosphorene sample was found damaged when the power of the pulsed laser was higher than 1.15 µW ( Figure S3 ).
When the chamber temperature was raised from −10 ℃ to room temperature, the monolayer phosphorene was oxidized immediately and the PL signal disappeared. In contrast to monolayer phosphorene, 2L and 3L phosphorene samples can survive for more than fifteen hours under −10 ℃ and for several hours when the chamber temperature was raised to room temperature.
Because of the strongly layer-dependent peak energies and the direct band gap nature of phosphorene, we are able to further confirm the layer number identification by measuring their corresponding peak energies of the PL emission ( Figure 2 ). Figure 2a shows the PL spectrum of the monolayer phosphorene sample as indicated in Figure 1a , with a 522 pulsed green laser at a laser power of 1.15 μW. The emission peak of the PL spectrum for monolayer phosphorene is at 711 nm, corresponding to a peak energy of 1.75 eV. This PL peak energy value was measured at −10 ℃ and it is expected not to vary too much at room temperature.
Temperature-dependent PL measurements were conducted on 2L and 3L phosphorene samples from 20 ℃ down to −70 ℃; very minor shifts of -0.112 meV/℃ and -0.032 meV/℃ with temperature were observed for 2L and 3L phosphorene samples, respectively ( Figure S4 ).
Assuming a similar low temperature dependence for monolayer phosphorene, its PL peak energy at room temperature would be only ~1-4 meV lower than the measured value at −10 ℃.
Combining the results of our previous work 8 on few-layer phosphorene (2L to 5L) with the results obtained from our recent samples (1L to 5L), it can be clearly observed that the peak energy of PL emission shows unambiguous layer dependence ( Figure 2b ). For each layer number, at least three samples were characterized; the measured peak energies for 1L to 5L phosphorene are 1.75 ± 0.04, 1.29 ± 0.03, 0.97 ± 0.02, 0.84 ± 0.02, and 0.80 ± 0.02 eV, respectively.
The peak energy of PL emission, also termed as optical gap ( ), is the difference between the electronic band gap ( ) and the exciton binding energy ( ) (Figure 2b inset). Owing to the strong quantum confinement effect, free-standing monolayer phosphorene is expected to have a large exciton binding energy of ~0.8 eV 9, 15 , whereas this value is expected to be only ~0.4 eV for monolayer phosphorene on a SiO2/Si substrate because of the increased screening from the substrate 15 . If we use the calculated electronic energy gap of 2.15 eV 16 and the measured optical gap of 1.75 eV in monolayer phosphorene, the exciton binding energy of monolayer phosphorene on SiO2/Si substrate is determined to be ~0.4 eV, which agrees very well with the prediction 15 . The optical gaps in phosphorene increase rapidly with decreasing layer number because of the strong quantum confinement effect and the van der Waals interactions between the neighboring sheets in few-layer phosphorene 9, 21 . The layer-dependent optical gaps, as indicated in Figure 2b , agree very well with the theoretical predictions 7, 9 .
In conclusion, we report a rapid, noninvasive, and highly accurate approach to determine the layer number of mono-and few-layer phosphorene using PSI. The identification is further confirmed by reliable, highly layer-dependent PL peak energies. These two methods provide definite references for future mono-and few-layer phosphorene layer number identification.
Based on the measured optical gap and the calculated electronic energy gap, we determined the exciton binding energy to be ~0.4 eV for the monolayer phosphorene on SiO2/Si substrate, which agrees well with theoretical predictions. Our results open new routes for both the investigation of 2D quantum limit in reduced dimensions and development of novel optoelectronic devices.
Methods
Sample preparation and characterization. Mono-and few-layer phosphorene were mechanically exfoliated from bulk crystals and drily transferred onto SiO2/Si (275 nm thermal oxide) substrates. A phase shifting interferometer (Vecco NT9100) was used to obtain all the OPL values for phosphorene samples. Monolayer phosphorene samples were put into a Linkam THMS 600 chamber and the temperature was set as −10 ℃ during the PL measurements. A linearly polarized pulse laser (frequency doubled to 522 nm, with 300 fs pulse width and 20.8
MHz repetition rate) was directed to a high numerical aperture (NA = 0.7) objective (Nikon S Plan 60x). PL signal was collected by a grating spectrometer, thereby recording the PL spectrum through a charge coupled device (CCD) (Princeton Instruments, PIXIS).
For few-layer phosphorene (2L to 5L), the PL measurements were conducted using a T64000 micro-Raman system equipped with a InGaAs detector, along with a 532 nm Nd:YAG laser as the excitation source. For all the PL measurements for 2-5L phosphorene samples, the sample was placed into a microscope-compatible chamber with a slow flow of protection nitrogen gas to prevent sample degradation at room temperature. To avoid laser-induced sample damage, all PL spectra from two-to five-layer phosphorene were recorded at low power level of P ~20 μW.
Numerical Simulation. Stanford Stratified Structure Solver (S4) 22 was used to calculate the phase delay. The method numerically solves Maxwell's equations in multiple layers of structured materials by expanding the field in the Fourier-space. Layer number 
Phase-shifting interferometry (PSI) working principle
PSI was used to investigate the surface topography based on analyzing the digitized interference data obtained during a well-controlled phase shift introduced by the Mirau interferometer 4 . The PSI system (Vecco NT9100) used in our experiments operates with a green LED source centered near 535 nm by a 10 nm band-pass filter 5 . The schematic of the PSI system is shown in Figure S5 .
The working principle of the PSI system is as follows 6 . For simplicity, wave front phase will be used for analysis. The expressions for the reference and test wave-fronts in the phase shifting interferometer are: The interference pattern of these two beams is:
The interference intensity pattern detected by the detector is: ( ) is introduced by the Mirau interferometer, which is shown in Figure S6 . When the Mirau interferometer gradually moves toward the sample platform, the optical path length (OPL) of the test beam decreases while the OPL of the reference beam remains invariant.
The computational method of PSI is a four-step algorithm, which needs to acquire four separately recorded and digitalized interferograms of the measurement region. For each separate and sequential recorded interferograms, the phase shift difference is:
Substituting these four values into the equation S4, leads to the following four equations describing the four measured intensity patterns of the interferogram:
After the trigonometric identity, this yields:
The unknown variables ′ ( , ), ′′ ( , ) and ( , ) can be solved by only using three of the four equations; but for computational convenience, four equations are used here. Subtracting equation S11 from equation S13, we have:
And subtract equation S12 from equation S10, we get:
Taking the ratio of equation S14 and equation S15, the intensity modulation ′′ ( , ) will be eliminated as following:
Rearranging equation S16 to get the wave-front phase shift term ( , ):
This equation is performed at each measurement point to acquire a map of the measured wavefront. Also, in PSI, the phase shift is transferred to the surface height or the optical path difference (OPD):
Here, the OPL of the phosphorene flake is calculated as:
where is the wavelength of the light source, and 
where 2k0nd is the round trip propagation phase and n is the refractive index of the 2D material.
Then the total reflected amplitude is the summation of all reflections, which is 
Here we used refractive indices of air and SiO2 as 1 and 1.46, respectively.
The OPL was calculated by comparing the phase difference of the reflected light with and without the 2D material. Figure S7b shows the reference setup. Light is incident directly from air into infinite SiO2 substrate. In this case the reflected amplitude is
So we get:
where is the wavelength of light. For phosphorene OPL calculations, we used the measured refractive index from bulk black phosphorus crystals (n = 3.4) 2 .
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Images and characterization of phosphorene flakes by PSI. 
